The Kaposi's sarcoma-associated herpesvirus (KSHV) LANA protein is essential for the replication and maintenance of virus genomes in latently KSHV-infected cells. LANA also drives dysregulated cell growth through a multiplicity of mechanisms that include altering the activity of the cellular kinases extracellular signal-regulated kinase (ERK) and glycogen synthase kinase 3 (GSK-3). To investigate the potential impact of these changes in enzyme activity, we used protein microarrays to identify cell proteins that were phosphorylated by the combination of ERK and GSK-3. The assays identified 58 potential ERK-primed GSK-3 substrates, of which 23 had evidence for in vivo phosphorylation in mass spectrometry databases. Two of these, SMAD4 and iASPP, were selected for further analysis and were confirmed as ERK-primed GSK-3 substrates. Cotransfection experiments revealed that iASPP, but not SMAD4, was targeted for degradation in the presence of GSK-3. iASPP interferes with apoptosis induced by p53 family members. To determine the importance of iASPP to KSHV-infected-cell growth, primary effusion lymphoma (PEL) cells were treated with an iASPP inhibitor in the presence or absence of the MDM2 inhibitor Nutlin-3. Drug inhibition of iASPP activity induced apoptosis in BC3 and BCBL1 PEL cells but did not induce poly(ADP-ribose) polymerase (PARP) cleavage in virus-negative BJAB cells. The effect of iASPP inhibition was additive with that of Nutlin-3. Interfering with iASPP function is therefore another mechanism that can sensitize KSHV-positive PEL cells to cell death.
T he Kaposi's sarcoma-associated herpesvirus (KSHV) latencyassociated nuclear antigen (LANA) is expressed in all KSHVinfected cells, including the tumor cells of the KSHV-associated malignancies Kaposi's sarcoma, primary effusion lymphoma (PEL), and muticentric Castleman disease. LANA functions in the replication and maintenance of latent, episomal KSHV genomes (1, 2) by binding to the KSHV origin of replication in the terminal repeats (3, 4) , recruiting cellular replication proteins (5) (6) (7) (8) (9) (10) (11) , and tethering the KSHV episomal genomes to host chromosomes (12) (13) (14) (15) (16) (17) (18) . Sequences in the KSHV terminal repeats are bound by the C terminus of LANA, and the X-ray crystal structures of the human and murine gammaherpesvirus 68 (MHV68) LANA DNA-binding domains have been solved (19) (20) (21) .
KSHV infection leads to a global reprogramming of cell gene expression (22) (23) (24) (25) (26) and modification of cell signaling pathways (27) (28) (29) (30) (31) . In addition to its replication functions, LANA also participates in this reprogramming. LANA mediates transcriptional upregulation and downregulation (32) . Chromatin immunoprecipitation (ChIP) analyses have found LANA associated with the same sequences in the host genome as were characterized in the viral terminal repeats, in association with a separate characterized binding motif and binding indirectly through protein-protein interactions (33) (34) (35) . LANA participates in epigenetic silencing (36) (37) (38) (39) , increased transcription factor activity (40) (41) (42) (43) (44) (45) (46) , and modulation of interferon signaling (33, 47) , the cell cycle (42, 48, 49) and kinase activity (50) (51) (52) (53) (54) .
Glycogen synthase kinase 3 (GSK-3) alpha and beta are ubiquitous and constitutively active serine/threonine kinases that regulate multiple cellular pathways, including the Wnt pathway (55) . LANA-mediated inactivation of GSK-3 (42, 56) has the known consequences of blocking differentiation (57) and stabilizing cMyc (44, 58) . GSK-3 phosphorylation of substrates generally requires a priming phosphorylation by a second kinase at the ϩ4 position in the recognition sequence S/T-X-X-X-S/T. LANA also leads to activation of the mitogen-activated protein kinase (MAPK) extracellular signal-regulated kinase 1 (ERK1) (44) , a known priming kinase for GSK-3. The inactivation of GSK-3 by LANA has the potential to contribute to other pathways that are altered after KSHV infection. GSK-3 phosphorylation often results in tagging of the substrate for proteasomal degradation. To identify novel cell substrates whose GSK-3 phosphorylation and degradation could potentially be modified in LANA-expressing cells, we performed GSK-3 phosphorylation assays using ERK1 as the priming kinase and a protein array displaying 4,191 unique human proteins. Bioinformatic algorithms were incorporated into the analysis of the phosphorylation data obtained from the kinase assays. A particularly interesting ERK-primed, GSK-3 phosphorylated protein identified in this screen was the inhibitor of p53-mediated apoptosis, iASPP.
MATERIALS AND METHODS
Human ORF cloning and microarray production. Using the Gateway recombinant cloning system (Invitrogen), 4,191 nonredundant human open reading frames (ORFs) consisting of a collection of genes encoding 1,371 human transcription factors, 238 transcriptional coregulators, 689 RNA-binding proteins, 257 DNA-binding proteins, 146 DNA repair proteins, 286 chromosome-organizing proteins, 332 protein kinases, and 652 mitochondrial proteins as well as a panel of 589 proteins involved in various other cellular processes were shuttled from the selected entry clones of the Ultimate Human ORF Collection (Invitrogen) or from the entry clones generated in our own laboratories into a yeast high-copy expression vector (pEGH-A) that produces glutathione S-transferase (GST)-His6 fusion proteins under the control of the galactose-inducible GAL1 promoter. Plasmids were rescued into Escherichia coli and verified by restriction endonuclease digestion. Plasmids with inserts of the correct size were transformed into yeast. Proteins were purified as GST-His6 fusion proteins from yeast using a high-throughput protein purification protocol (59) . Purified human proteins were arrayed in a 384-well format and printed on FullMoon glass slides (FullMoon Biosystems) in duplicate. The printing quality and quantity of the immobilized proteins on a representative batch of chips were monitored using anti-GST antibody followed by Cy5-labeled secondary antibody (60) .
Protein array phosphorylation assays. Phosphorylation assays were performed using a protocol similar to that previously described (59) . Purified ERK1 and GSK-3␤ (Cell Signaling) were added to 250 l of kinase buffer (50 mM Tris-HCl and 25 mM HEPES-KOH at pH 7.5) containing 100 mM NaCl, 10 mM MgCl 2 , 1 mM MnCl 2 , 1 mM dithiothreitol (DTT), 1 mM EGTA, 2 mM NaVO 4 , 2 mM NaF, 0.01% cold ATP, and [␥-32 P]ATP [33.3 nM final concentration]). Each reaction mixture was then incubated on microarrays and coverslipped before being placed in a humidity chamber at 30°C for 30 min. Following the termination of the reaction, the slides were subjected to three 10-min washes in Tris-buffered saline (TBS)-0.1% Tween 20 (pH 7.5), three 10-min washes in 0.5% SDS, and one quick rinse with distilled water before being spun dry and exposed to X-ray film (Kodak). Control slides were incubated with kinase buffer without added kinase and processed in parallel. Exposures were taken for each microarray assayed at 10, 17, and 24 h. The slides were scanned, and the phosphorylation signals were acquired using the GenePix software.
Data analysis. Data analysis included four steps: local background correction, normalization, identification of phosphorylation events, and removal of signals from control incubations. The signal intensity of each protein on the array was quantified by dividing the median foreground intensity by the median intensity of its local background. To identify positive signals on the microarrays, the standard deviation from the signal intensity distribution was estimated as described previously (60) . The cutoff was two standard deviations above the mean. Each protein was printed in duplicate, and a positive was scored only if both spots showed a signal intensity higher than the cutoff value. To identify signals arising from autophosphorylation events, control assays were performed with kinase buffer lacking exogenous added kinase. Those proteins that exhibited autophosphorylation activity were excluded from the substrate list.
Plasmids. The open reading frames for SMAD4 and iASPP from the Ultimate Human ORF Collection (Invitrogen) were subcloned into pDEST-SG5-Flag (pJHA411) using the Gateway system (Invitrogen). Mutations in SMAD4 were introduced using the QuikChange II sitedirected mutagenesis kit. GST-SMAD4 and GST-iASPP(401-828) proteins were expressed in bacteria from a modified pGEX2T vector (pGH413). SG5-HA-GSK-3␤ was obtained from F. McCormick (University of California, San Francisco).
Liquid kinase assays. Purified GST-SMAD4, GST-SMAD4 mutants, and GST-iASPP(401-828) on beads were washed twice with ERK buffer (25 32 P]ATP and 0.1 U of GSK-3␤ for 30 min at 30°C. In the wash control reaction, the GSK-3␤ was omitted. Finally, reaction mixtures were washed twice with ice-cold washing buffer (50 mM Tris-HCl [pH 7.9], 10 mM MgCl 2 , 2 mM DTT, 100 mM NaCl) and separated by gel electrophoresis. Radiolabeled polypeptides were detected by autoradiography.
Western blotting. HA-GSK-3␤ and Flag-SMAD4 or Flag-iASPP were transfected individually or together (0.6 g each) with 4 l of Lipofectamine 2000 (Invitrogen) into HeLa cells grown in six-well plates. Two days later, the cells were rinsed with 1 ml of ice-cold phosphate-buffered saline and lysed in 1 ml radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 7.4], 1% NP-40, 0.25% Na deoxycholate, 150 mM NaCl, and 1 mM EDTA) containing protease inhibitor cocktail (1 mM phenylmethylsulfonyl fluoride [PMSF], 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 g/ml pepstatin) and phosphatase inhibitor cocktail (Sigma). After sonication (Branson Sonifier 450) on ice for 1 min, the cell lysates were centrifuged at 10,000 ϫ g for 10 min. Samples were resuspended in 60 l of 2ϫ Laemmli sampling buffer (Bio-Rad) and heated at 95°C for 5 min. The samples were resolved on a 4 to 20% SDS-polyacrylamide gel (Invitrogen). The proteins on the gel were transferred to a nitrocellulose membrane and subjected to immunoblot analysis with antiFlag or anti-actin antibodies (Sigma). Endogenous iASPP proteins in B cell lines was detected using anti-iASPP antibody (Sigma). Poly(ADPribose) polymerase (PARP) cleavage was measured using antibody to cleaved PARP (Cell Signaling).
Cell cultures and cell growth. PEL and B cell lines were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum (Corning). TREx-BCBL1 cells were obtained from J. Jung (University of Southern California). The CellTiter-Glo luminescence assay kit (Promega) was used according to the manufacturer's instructions to determine cellular ATP levels as a measure of cell growth. Nutlin-3 (N6287) and JNJ-7706621 (S1249) were obtained from Sigma and Selleckchem, respectively.
RESULTS

Establishment of the screening assay.
We previously used protein microarrays to identify substrates of human kinases, monitor changes in the human phospho-proteome, identify kinases that phosphorylate viral proteins, and identify cellular and viral substrates of viral kinases (61) (62) (63) (64) (65) . We have now adapted this ap-proach to identify proteins that are potentially ERK-primed GSK-3 substrates. To confirm that the requirement for priming phosphorylation was retained when GSK-3␤ was assayed using the protein chip format and to establish conditions for the assays, human protein arrays were incubated in the presence of kinase buffer containing [␥-
32 P]ATP to measure autophosphorylation of the proteins imprinted on the array, ERK1 in kinase buffer containing [␥-
32 P]ATP to identify ERK1 substrates, or GSK-3␤ in kinase buffer containing [␥-
32 P]ATP to evaluate the requirement for priming for GSK-3␤ phosphorylation (Fig. 1) . The signals seen on the control array (Fig. 1A) represent autophosphorylating kinases. Comparison with ERK1 result shows that added ERK1 is able to phosphorylate a large number of additional proteins on the microarray (Fig. 1B) . However, when GSK-3␤ was incubated with the array, the results were very similar to those with the control. The results confirm that in the array assays, GSK-3␤ activity is limited in the absence of priming phosphorylation (Fig. 1C) . The small number of GSK-3 signals over the control may represent proteins that do not require priming, proteins that require priming in vivo but can be inefficiently phosphorylated in vitro in the absence of priming, or proteins that purify from the yeast as phosphorylated proteins and are consequently preprimed.
For ERK-primed GSK-3␤ phosphorylation, a protocol was developed in which the microarray was first treated with ERK1 in kinase buffer containing cold ATP at 30°C for 30 min and then washed extensively with a nondenaturing detergent to remove the ERK1 protein. Next, the array was incubated with GSK-3␤ in the presence of kinase buffer containing [␥-32 P]ATP. After an additional 30 min of incubation at 30°C, the array was washed under denaturing conditions, dried, and exposed to X-ray film (Fig. 1D) .
Identification of GSK-3␤ substrates that require ERK1 priming. Phosphorylated proteins on each array were identified using an algorithm that measures the relative signal intensity of each spot at a cutoff value of two standard deviations (SD) above background. Proteins identified on the autophosphorylation control arrays and the arrays monitoring residual ERK activity and GSK-3 alone were removed from those appearing on the ERK1-primed GSK-3␤ list. This resulted in a data set of 148 proteins that were potential ERK1-primed GSK-3␤ substrates (see Table S1 in the supplemental material). Identifying substrates primed with ERK1 is complicated by the fact that there are no ERK inhibitors that are active in vitro and that can be used to abolish ERK activity after the priming phosphorylation. Visual inspection of results of phosphorylation assays in which the ERK-primed array was washed and then incubated with the radiolabeled ATP in kinase buffer revealed that residual ERK1 activity was detectable and that in many cases this resulted in proteins that had an intense signal on the ERK-primed GSK-3␤ array also showing a signal, albeit weaker, on the ERK control. This outcome precluded a definitive determination of primed GSK-3␤ substrates using the simple approach of subtracting the ERK1 control phosphorylation data from the ERK1-primed GSK-3␤ phosphorylation data. We consequently applied bioinformatic analysis to the data set.
To further evaluate the prospective ERK1-primed GSK-3␤ data set, we applied an algorithm, termed M3 (motif discovery based on microarray and MS/MS), to identify the dominant motif present in the 148 potential substrates. M3 predicts consensus phosphorylation motifs by combining kinase substrate interaction data with in vivo phosphorylation sites, determined mainly by tandem mass spectrometry (MS/MS) analysis, and uses an iterative approach to identify associated pS/T sites within each data set (62) . The short amino acid sequences (15-mers) containing these sites were then binned into groups according to their identified kinase substrate interaction relationships. The dominant LOGO identified from the initial ERK1-primed GSK-3␤ data set was S/T-X-X-X-S (see Fig. S1A in the supplemental material). Fifty-five of the 148 substrates identified had this motif, which conforms to the known GSK-3␤ consensus phosphorylation motif. ERK1 can also phosphorylate threonine to prime for GSK-3␤. The Phospho.elm website was used to screen the amino acid sequences of the remaining 93 proteins from the potential ERK1-primed GSK-3␤ data set for proteins that had an S/T-X-X-X-T phosphorylation motif. Only three proteins were identified as having phosphorylation events occurring on these amino acids. The combined analyses resulted in a list of 58 proteins that were putative ERK1-primed GSK-3 substrates (Table 1) . NUP35  AFF4  ERF  PCTK3  ANXA2  FLJ20105  PER1  BCOR  FMNL2  PPP1R13L  BTBD12  FOSL1  RAD23B  C19orf21  FOSL2  RBM12  C20orf19  FOXP4  RPA2  CARHSP1  GDI2  SMAD4  CC2D1A  HCLS1  SOX9  CENTG1  HIRIP3  STUB1  CHAF1B  HSF1   a   SUHW4  CNOT2  KLF4  TBC1D22A  CRK  LIG1  TCEAL6  CSTF2T  LIMD1  TRIP10  CTTN  MAGEB6  TSC22D3  DAZAP1  MEF2C  ZHX1  DCP1A  NFATC1  ZNF503  EIF3S4 NFATC3
a Known GSK-3␤ substrate.
Reanalysis of the remaining 90 proteins from the initial list (see Table S1 in the supplemental material) generated a different LOGO consistent with ERK1 signal bleedthrough (see Fig. S1B in the supplemental material). A direct examination of the microarray data confirmed that 74% of these proteins were visualized on the ERK phosphorylation and/or the ERK priming data sets.
The strongest candidates among the 58 proteins with the S/T-X-X-X-S/T motif would be those for which data existed for in vivo phosphorylation at the motif serine/threonine residues. The MS/MS in vivo phosphorylation database was interrogated, and 23 of the 58 proteins had evidence for in vivo phosphorylation at both the priming and the GSK-3 phosphorylation sites or at one or the other of these sites (see Table S2 in the supplemental material).
Validation of SMAD4 and iASPP as ERK-primed GSK-3␤ substrates. We selected for follow-up two proteins from Table S2 in the supplemental material that had not previously been shown to be GSK-3 substrates experimentally, namely, SMAD4 and iASPP (also known as PPP1R13L). SMADs mediate transcriptional responses to transforming growth factor ␤ (TGF-␤) and bone morphogenic protein (BMP) and are divided into 3 classes: the receptor-regulated SMADs that transmit TGF-␤ signaling (SMAD2 and -3) and bone morphogenetic protein signaling (SMAD1, -5, and -8), the inhibitory SMADs (SMAD6 and -7), and a common SMAD, SMAD4, that partners with the other SMADs to form the transcriptionally active trimeric complex (66) . Inactivation of SMAD4 is common in pancreatic and colorectal cancers but less so in other human cancers (67, 68) . GSK-3 phosphorylation of SMAD4 has not been investigated. There are 3 sites in the SMAD4 amino acid sequence that fit the consensus for ERK primed GSK-3 phosphorylation. These are the amino acid pairings S5/T9P, T273/T277P, and S517/T521P.
To validate SMAD4 phosphorylation, in vitro kinase assays were performed using purified GST-SMAD4 and variants that carried mutations in the potential individual GSK-3 phosphorylation sites (S5A, T273A, and S517A) ( Fig. 2A and C) . ERK1 strongly phosphorylated the GST-SMAD4 protein (Fig. 2B , lane E), while GSK-3 was not active in the absence of priming phosphorylation (Fig. 2B , lane G) but did phosphorylate GST-SMAD4 after ERK1 priming (Fig. 2B , lane EcϩG). The control phosphorylation in which ERK priming was followed by washing steps and then addition of radiolabeled ATP in kinase buffer showed that little residual ERK activity was retained after the washing steps (Fig. 2B , lane Ec). GST-SMAD4 mutated for all three potential GSK-3 sites (S5A, T273A, and S517A) showed no GSK-3 phosphorylation above the level seen with the control priming ERK1 reaction, indicating that one or more of these sites are phosphorylated by GSK-3 (Fig. 2B , lane Ec versus lane EcϩG). GSK-3 phosphorylation was reduced but detectable upon mutation of the potential GSK-3 site at T273, suggesting that T273 is one, but possibly not the only, GSK-3 phosphorylation site. Phosphorylation of the combined GSK-3 sites at T273A and S517A was similar to that seen with mutation of T273A alone (Fig. 2B , lane Ec versus lane EcϩG). These results are compatible with GSK-3 phosphorylation at T273 with a less preferred site potentially at S5 of SMAD4.
The tumor suppressor p53 mediates cell cycle arrest or apoptosis in response to DNA damage-inducing stimuli. p53 transcriptional activity is regulated through a variety of posttranslational modifications and through protein-protein interactions (69) . ASPPs (ankyrin repeat-, SH3 domain-, and proline-rich regioncontaining proteins) specifically affect p53-mediated apoptotic responses (70) . ASPP1 and ASPP2 enhance the proapoptotic function of p53 by promoting the binding of p53 to proapoptotic gene targets, while iASSP (PPP1R13L) prevents the transcriptional activity of p53 bound to these promoters (71, 72) . The 828-amino-acid iASPP protein localizes to both the cytoplasm and the nucleus, while the 407-amino-acid iASPP splice variant that has common C-terminal sequences with the 828-amino-acid protein localizes to the nucleus (73, 74) . We examined iASPP expression in a variety of B cell lines and detected expression of both the long and short forms of iASPP in all the cell lines, including the KSHVpositive PEL cell lines JSC-1, BCBL1, and BC3 (Fig. 3) . Expression was abundant in the tumor-derived cell lines and lower in the lymphoblastoid cell line (LCL) that was established by in vitro infection with Epstein-Barr virus (EBV). This is consistent with reports of upregulated expression of iASPP being associated with malignant transformation (75, 76) .
To confirm that iASPP was an ERK-primed GSK-3 substrate, an in vitro phosphorylation assay was performed on a GST-iASPP protein containing carboxy-terminal iASPP sequences from amino acid 401 to 828. This region includes all of the sequences in common between the long and short iASPP proteins. GSTiASPP(401-828) was strongly phosphorylated by ERK (Fig. 4A,  lane 1) . The majority of the ERK signal was removed by washing (Fig. 4A, lane 2) , and GSK-3␤ showed minimal activity in the absence of ERK priming (Fig. 4A, lane 3) . GSK-3␤ was capable of phosphorylating GST-iASPP after ERK priming (Fig. 4A, lane 4) . Incubation with radioactive ATP alone did not produce any signal (Fig. 4A, lane 5) . GSK-3␤ phosphorylation decreases the stability of iASPP. The effect of GSK-3␤ expression on the protein levels of iASPP and SMAD4 was examined in transfected HeLa cells. Coexpression of GSK-3␤ reduced the level of the 100-kDa Flag-iASPP protein, and the protein level was partially restored upon treatment with the proteasome inhibitor MG132 (Fig. 4B) . In contrast, coexpression of GSK-3␤ with Flag-SMAD4 did not significantly affect the level of Flag-SMAD4 (Fig. 4B) . ␤-Actin served as a loading control.
Targeting iASPP impacts PEL cell growth. Treatment with the MDM2 inhibitor Nutlin-3 leads to increased apoptosis and PARP-1 cleavage in p53 wild-type and p53 mutant PEL cell lines (77) (78) (79) . The effect of Nutlin-3 on p53 mutant PEL cell lines is partially mediated through its ability to also disrupt the interaction between MDM2 and p73 (77) . Binding of iASPP to p53 family members is dependent upon phosphorylation of iASPP, and the kinase inhibitor JNJ-7706621 was recently shown to abolish this phosphorylation when used at 2 and 5 M concentrations (80) . We tested the impact on PEL cell growth of activating p53 family members through inhibition of iASPP using JNJ-7706621 alone or in combination with the MDM2 inhibitor Nutlin-3 (Fig. 5) . The growth of KSHV-negative p53 mutant BJAB cells was unaffected by 10 M Nutlin-3. JNJ-7706621 (5 M) alone or in combination with 10 M Nutlin-3 reduced cell growth by 26% after 3 days of treatment (Fig. 5A) . BCBL1 p53 mutant PEL cells are known to be relatively resistant to Nutlin-3 compared to other PEL cell lines (77) (78) (79) . BCBL1 exhibited a similar sensitivity to 5 M JNJ-7706621 as to 10 M Nutlin-3 (35% versus 26% reduction). The combination of Nutlin-3 and JNJ-7706621 was additive, with a 69% reduction in growth (Fig. 5B) . BC3 p53 wild-type PEL cells were highly sensitive to treatment with 5 M JNJ-7706621, which resulted in a 93% reduction in cell growth at 3 days. The combination of Nutlin-3 and JNJ-7706621 was completely cytotoxic (Fig. 5C ). In light of the sensitivity of BC3 cells to JNJ-7706621, the effect of treatment with a lower dose of 2 M JNJ-7706621 was also examined. After 3 days of treatment, the reduction in growth of BC3 cells treated with 2 M JNJ-7706621 was similar to that of BC3 cells treated with Nutlin-3 (35% versus 48% growth reduction). The combination of the two drugs was again completely cytotoxic (Fig. 5D) .
The effect of JNJ-7706621 on cell growth curves could be mediated through either decreased cell proliferation or increased cell death. We examined PARP cleavage in cells treated for 2 days with Nutlin-3, JNJ-7706621, or a combination of the two drugs as a measure of caspase induction and apoptosis (Fig. 5E) Drug treatment did not induce the KSHV lytic cycle. It has been reported that inhibition of CDK1 with Purvalanol A or short hairpin RNA (shRNA) knockdown leads to reactivation of the KSHV lytic cycle (81) . JNJ-7706621 inhibits CDK1/CycB with a 50% inhibitory concentration (IC 50 ) of 9 M (82). To ensure that lytic reactivation was not contributing to the inhibition of PEL cell growth in cells treated with JNJ-7706621, we examined the protein level of the immediate early lytic cycle regulator RTA. RTA expression did not increase in TREx-BCBL1 or BC3 cells treated with either 2 M or 5 M JNJ-7706621 for 3 days (Fig. 6) . Therefore, at the concentrations of JNJ-7706621 used in our experiments, lytic cycle reactivation was not a factor in the treatment-induced PEL cell growth inhibition.
DISCUSSION
Proteomic arrays have been used for global analysis of protein modification by phosphorylation, ubiquitination, sumoylation, acetylation, and S-nitrosylation (83) . Here, we sought to expand the use of these arrays for kinase substrate identification by undertaking an analysis of phosphorylation by a kinase, GSK-3, that requires prior priming of its substrates by a second kinase. ERK is a common priming kinase for GSK-3. The KSHV LANA protein affects the activity of both ERK and GSK-3, increasing ERK activity and impairing nuclear GSK-3 activity. Applying the analysis to the combination of ERK-primed GSK-3 phosphorylation on the human protein arrays therefore had the potential to identify novel cell substrates that might be relevant to KSHV biology.
The kinase assays performed on the protein arrays with GSK-3␤ alone demonstrated that GSK-3␤ retained the requirement for priming phosphorylation in this setting, while the combination of ERK prephosphorylation followed by incubation with GSK-3␤ resulted in extensive substrate phosphorylation. Bioinformatic analysis of the substrates phosphorylated by GSK-3 after ERK priming revealed that all 148 substrates contained a serine or threonine residue followed by a proline and were consequently valid candidates for ERK phosphorylation. However, only 58 contained the ERK phosphorylation site at the ϩ4 position of a consensus GSK-3 motif. This outcome is consistent with residual ERK protein being retained on the arrays after the washing step and contributing to the phosphorylation signal generated upon the subsequent addition of isotopically labeled ATP and GSK-3␤. Identification of ERK-primed GSK-3 substrates therefore required the protein array phosphorylation data be combined with bioinformatic analysis. Direct identification of substrates for GSK-3 should be possible in cases where inhibitors of the chosen priming kinase could be incorporated into the assay. Unfortunately, there are currently no ERK inhibitors that are active in vitro.
The David Gene Functional Classification tool (david.abcc .ncifcrf.gov) identified transcriptional regulation as the dominant (P value, 2.2EϪ9) functional classification for the proteins in Table 1 that scored as ERK-primed GSK-3␤ substrates. We followed up on two proteins in this category, SMAD4 and iASPP. GSK-3 is known to phosphorylate SMAD3 at Ser-204 in the SMAD3 linker region, an event that decreases the transcriptional activity of SMAD3 (84) , and Thr-66 outside the linker region, which leads to SMAD3 degradation (85) . However, TGF-␤ signaling is reduced in PEL cells by LANA-mediated epigenetic silencing of the TGF-␤ type II receptor (36) , reducing the likelihood that GSK-3 would impact TGF-␤ downstream signaling. GSK-3 sites in the SMAD1/5/8 proteins can be phosphorylated by GSK3 after priming by MAPK. Phosphorylation of the SMAD1 linker by ERK and GSK3 induces proteasomal degradation of SMAD1, leads to increased cytoplasmic retention of SMAD1, and regulates the duration of SMAD1-mediated signaling (86, 87) . LANA binds activated SMAD1 and enhances SMAD1 upregulation of Id1 transcription, and inhibition of BMP-mediated SMAD1 phosphorylation with Dorsomorphin inhibited the growth of KSHV-transformed mesenchymal precursor in soft agar and inhibited tumor growth in nude mice (88) . SMAD4 partners with the receptor-regulated SMADs to form the transcriptionally active complex, and a change in SMAD4 stability could therefore impact SMAD1 induced signaling. However, we saw no reproducible difference in SMAD4 protein stability after GSK-3 phosphorylation. It remains possible that GSK-3 phosphorylation of SMAD4 may have some other regulatory consequence.
iASPP binds p53 and the p53 family members p63 and p73 and prevents their activation of apoptotic genes while not affecting cell cycle regulatory responses (70, (89) (90) (91) . p53 is functionally inactivated in PEL cells by LANA, but this inactivation can be overcome by targeting MDM2 degradation of p53. The MDM2 inhibitor Nutlin-3 induces PEL cell death, with p53 wild-type cells being more sensitive than PEL cells harboring p53 mutations. Reactivation of p53 function is an attractive anticancer strategy, and several drugs targeting the p53-MDM2 interaction are under development (92) . Nutlin-3 treatment produces tumor regression in a mouse xenograft model of PEL, but in advanced tumors the effect was limited by induction of the KSHV lytic cycle, which led to an impairment in p53-mediated apoptotic responses (79) . We saw increased PEL cell death when Nutlin-3 was combined with an anti-iASPP drug treatment. iASPP specifically blocks p53 apoptotic responses, and thus the identification of an additional mechanism that could reinforce MDM2 disruption and p53 activation in PEL cells may have therapeutic relevance for treatment of KSHV-associated disease.
